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Abstract 
Taking low permeability cores of Daqing oilfield for example, the flow characteristics at low velocity were studied 
by using the self-designed micro-flux measuring instrument. Considering the throat distribution and  capillary model, 
the thickness of fluid boundary layer under different pressure gradient was calculated, the mechanism and influencing 
factors of nonlinear percolation were discussed. The study showed that the percolation curve of ultra-low rocks was 
nonlinear, and apparent permeability was not a constant, which increased with pressure gradient. The absorption 
boundary layer decreased with the increase of pressure gradient, and changed significantly especially in low pressure 
gradient, which was the essence of bringing nonlinear percolation. The absorption boundary layer was also found to 
be impacted by surface property of rocks, and then impacted flow characteristics. 
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1. Introduction 
Low permeability reservoir is a relatively indistinct concept, which has not been strictly and precisely 
defined throughout the word yet. However, when the reservoir permeability is lower than 10 mD, it must 
be low permeability reservoir. The oil and gas resources preserved in low permeability reservoir are so 
abundant and are extensively distributed all over the world, especially in China, the production of low 
permeability reservoir accounts for about 20%[1]. 
Due to the differences of the pore structure characteristics, fluid flow in low permeability reservoirs 
obviously differs from that in medium and high permeability. For the throat radius of low permeability is 
fine, and fluids receive the effect of surface molecules force, the relationship between pressure gradient and 
velocity is nonlinear at low velocity, the use of Darcy’s law in low velocity environment is inaccurate[2]. 
Darcy’s Law, the foundation for much of our understanding of fluid flow in porous media, is a classic 
example of a scientific paradigm, because it has been used so successfully in the study of a wide variety of 
phenomena. However, in the period of the 20th century, the research results indicated that the flow of 
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water and oil in soil, sand, porous ceramics, and underground reservoirs did not follow Darcy’s Law but 
behaved as a non-Darcy fluid, i.e., the percolation velocity and pressure gradient in the percolation 
movement expression showed nonlinear relation. 
In 1919, Miller-Brownlie[3] reported on studies of aquifers in India’s Punjab. He found there was no 
flow in certain aquifers unless the gradient exceeded a threshold value. In 1954, Von Englehardt & Tunn[4] 
observed Pre-Darcy flow in a series of careful tests on consolidated rock samples taken from German oil 
reservoirs. In 1958, Irmay[5] showed that Darcy’s Law could be derived theoretically from the fundamental 
Navier-Stokes equations for fluid flow. In 1966, Dudgeon[6] reported on a series of tests done in Australia, 
he observed Pre-Darcy, Darcy, and Post-Darcy flow regimes. Basak[7] reviewed a number of studies 
reported in the soil science literature of the decade around 1970 and developed a classification scheme for 
flow regimes, he also observed Pre-Darcy, Darcy, and Post-Darcy behaviors. In 1971, Russell & 
Swartzendruber[8] presented some intriguing results from a very carefully performed set of experiments 
where water was flowed through a variety of unconsolidated porous media, they found departures from 
Darcy’s Law at low velocities with different mixtures of sand & silt, or with mixtures of sand, silt & clay. 
In 1973, Carver[9] also reported tests involving the low velocity flow of water unconsolidated sands & silts. 
He too found various departures from Darcy’s Law at low superficial velocities. Kececioglu & Jiang[10] 
reported in 1994 on tests on the flow of water through beds of glass beads. Their procedures covered a very 
wide range of superficial velocities, and they observed four different flow regimes: Pre-Darcy, Darcy, 
Forchheimer, and Turbulent. Deviations from Darcy’s Law in the Pre-Darcy flow regime were complex. In 
1999, Prada & Civan[11] observed threshold gradients while flowing brine through core samples from 
consolidated rock at superficial velocities down to about 4 ft/day. In 2006, Wang[12] tested on the flow of 
heavy oil flow through porous media at the reservoir, he observed threshold gradients. In 2008, Hao[13] 
used simulated oil, formation water, injected water, and distillated water as fluids to measure and analyze 
the threshold pressure gradient for both a single- and two-phase fluid flow. 
Although there are lots of publications on describing nonlinear flow at low velocity, it seems there is 
significant difference of nonlinear flow character tested by different scholars. The reason lies in the 
different understanding of the mechanism of nonlinear flow. Therefore, the flow characteristics at low 
velocity were studied by using self-designed micro-flux measuring instrument and the essence of bringing 
nonlinear percolation was analyzed in this paper. 
2. Experiments 
2.1. Material and Equipment 
The cores in the experiment are from Gulong Sag, Songliao Basin. Table 1 shows the petrophysical 
properties of the cores. The salinity of formation water is 6.0 g/L and viscosity is 1.005 mPa•s. 
Figure 1 shows a schematic representation of the flow apparatus used in this study. This apparatus 
included: a gas tank, a intermediate container, a pressure transducer, a coreholder, a automatic pump and a 
micro-flux measuring instrument.  
The coreholder and intermediate container were made of stainless steel which was capable of 
overburdening pressure up to 30MPa. The automatic pump was employed to provide a confining pressure 
for core. The micro-flux measuring instrument, which integrated a glass micro-tube with inner diameter of 
1mm and an electronic digital vernier caliper, can measure the movement distance of liquid level by 
photoelectric sensor, therefore, the liquid flow rate could be calculated.  
2.2. Experimental Procedure 
After washing and drying the cores, the porosity and permeability were tested, and then the cores were 
saturated by salt water. After establishing 100% water saturation, the core was placed into the coreholder, 
and confining pressure was loaded.  
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Table 1 Petrophysical Properties of Cores 
Core 
sample Length(cm) Diameter(cm) Porosity(%) Permeability(mD)
C01 4.921 2.514 9.626 0.195 
C02 5.122 2.518 12.333 0.347 
C03 5.019 2.520 13.749 0.524 
C04 5.770 2.522 15.152 1.964 
C05 5.106 2.526 16.740 2.093 
C06 4.938 2.520 16.696 3.147 
The pressure gradient of core was adjusted by the valve of gas tank. When the percolation velocity at 
the export end of the rock sample reached a stable state under a specific constant displacing pressure, the 
movement distance of liquid level and the time were recorded at different pressure gradient, and the 
velocity was calculated. Based on the pressure gradient and percolation velocity, the percolation curve was 
drawed. 
 
Figure1 Schematic of Experimental Setup 
3. Characteristics of nonlinear percolation 
Fluid flow in low permeability rock is nonlinear at low pressure gradient. With the increase of pressure 
gradient, the relationship between velocity and pressure gradient is trending to be linear. Under the fine and 
stability experimental condition, the relational curve between velocity and pressure gradient is not obvious 
(Figure 2). Using the date of velocity and pressure gradient, the apparent permeability (Kapp) can be 
calculated. With the increase of pressure gradient, the apparent permeability increases, and tends to be a 
certain value (Kmax). Figure 3 shows the relationship between Kapp/Kmax and pressure gradient. At low 
pressure gradient, the variation of the apparent permeability is obvious, therefore, the nonlinear flow law 
exists at low velocity. 
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Figure 2 Percolation Curves of Cores with Different Permeability 
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Figure 3 Relationship Between Kapp/Kmax and ▽P 
4. Mechanism of nonlinear percolation 
The pore system of low permeability cores are consisted of different size of small throats, the clay 
content of cores are high, and the specific surface are large, therefore, the force on solid-liquid interface is 
strong. As Polubarinova-Kochina[14] pointed out, water is a polar molecule which tends to orient itself in an 
electrostatic field, such as can be found at a surface – especially with certain clays. Static water molecules 
can become oriented around surfaces, forming a quasi-crystalline structure that effectively narrows the 
pores or completely occludes them. As increasing pressure gradient is applied to the water in the porous 
medium, the weak intermolecular bonds holding this quasi-crystalline water structure in place are 
progressively overcome. In effect, the area of flow channels in the medium becomes a function of fluid 
velocity. The nominal permeability of the medium increases with superficial velocity until the quasi-
crystalline water structures are all broken down and Darcy linearity is obtained. 
Xu, and Li[15,16] found the absorption bound water in single micro-tube experiment, and the thickness of 
bound water decreased with pressure gradient increasing. The existing of bound water decreases the 
permeability of cores, and affects the flow state, which results in nonlinear flow character, and makes the 
permeability measured by salt water(Kw) is lower than the permeability measured by gas(Kg). With the 
decrease of the permeability of the core, the ratio of Kg/Kw tends to increased, which indicates that the 
lower the permeability of core is, the higher percentage of the bound water accounts for the volume of 
throats. Therefore, combining the macro throat distribution, the change law of thickness of bound water 
with pressure gradient changing can be calculated, and the mechanism of nonlinear flow can be analyzed. 
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Figure 4 Relationship Between Kg/Kw and Permeability 
4.1.Throat Distribution 
The constant-rate mercury injection technique is injection of mercury into the core sample at ultra-low 
velocity (0.000001mL/s), monitors capillary pressure changes as the mercury meniscus moves from pore 
throats to pore bodies. The meniscus moves in sudden steps, called Haines jumps, which are measured as 
mercury pressure decreases. Decreases in mercury pressure are referred to as rheons, and it has been shown 
that rheons partition a rock’s pore space into two parts: pore bodies and pore throats.  
Six core samples of low permeability were tested by constant-rate mercury injection, and the micro 
throat distribution were obtained. Results of the experiment indicate that the throat distributions of different 
permeability cores are greatly different, and the throat distribution is the main factor that controls the 
percolation ability. 
 
Figure 5 Pressure Fluctuation of Constant-rate Mercury Injection 
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Figure 6 Throat Distribution of Cores 
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4.2.Capillary Model 
Based on micro throat distribution, it is assumed that the core is consisted of different sizes of 
capillaries, and there is bound water at the surface of capillaries. According to poiselle’s equation, the flow 
rate of core can be expressed by the following equation: 
P
L
rrnQ
n
i
i
i ΔΔ−= ∑
=1
4
8
)(
μ
π                                                                     (1) 
where Q is flow rate, 　P/L is pressure gradient, ni is the number, ri is the radius of throat, 　 is 
viscosity of fluid, 　r is the thickness of bound water. 
 
Figure 7 Schematic Diagram of Capillary Model 
                  
Figure 8 Schematic Diagram of Absorption Boundary Layer 
There is no interaction between medium and gas, and the absorption bound layer is not existed, 
therefore, all throats of different sizes contribute to permeability. When liquid flow in porous media, not all 
the throats contribute to permeability. It is only when the radius of throats are larger than the thickness of 
bounder water, the throats are effective, and the effective radius of throat is the difference of the thickness 
of bound water and the actual radius. Therefore, according to the ratio of kg to kw at different pressure 
gradient, the thickness of bound water can be calculated. 
Obtained from Figure 9, with the increase of pressure gradient, the thickness of bound water(Hb) 
decreases. It is indicated that more small throats and bound water of big throats are involved in flowing, 
and the permeability increases. The thickness of bound water decrease rapidly with the increase of pressure 
gradient at low pressure gradient, and which decrease slowly at high pressure gradient. With the increase of 
pressure gradient, the thickness of bound water tends to be a certain value, and the conclusion is 
unanimous with the results of single micro-tube flow experiment. Which shows nonlinear at low pressure 
gradient in percolation curve, with the increase of pressure gradient, the relationship between velocity and 
pressure gradient is trending to linear. 
    There is bound water in different permeability cores, but the throat of low permeability is fine and 
distribution centralized, bound water account for a large proportion of the volume of throat, therefore, the 
ratio of kg/kw is large, and it shows high degree of nonlinear flow. The throat of high permeability 
distribute widely, and big throat exist, bound water account for a small proportion of the volume of throat, 
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therefore, the ratio of kg/kw is small, and it shows low degree of nonlinear flow. 
    The gas permeability and throat distribution of C04 and C05 were similar to each other, but the 
thickness of bound water of C04 was larger than that of C05. According to nuclear magnetic resonance 
test[17], compared the movable fluid which characterize interaction between medium and fluid of two cores, 
the movable fluid saturation of C05 was larger than that of C04, therefore, apart from throat distribution, 
surface properties is an important factor that influences thickness of bound water. 
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Figure 9  Relations Between Hb and ▽P 
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Figure 10  Relations Between Hb/Ra and ▽P 
5.Conclusions 
As a result of the study and analyses above, the following conclusions are drawn: 
(1)Fluid flow in low permeability rock is nonlinear at low velocity. The apparent permeability changes 
with pressure gradient. With the increase of pressure gradient, the apparent permeability increased, and 
tended to be a certain value. 
(2)The permeability of low permeability core measured by water was lower than the permeability 
measured by gas, which indicates the existence of bound water. With the decrease of permeability, the ratio 
of Kg/Kw tended to increased, indicates that the percolation influenced by bound water is more obvious. 
(3)Considering throat distribution, combined with capillary model, the fluid boundary layers thickness 
with different pressure gradient was calculated. With the increase of pressure gradient, the thickness of 
boundary layer decreased, and was obvious at low velocity, which was the essence of bringing nonlinear 
percolation. 
(4)Apart from throat distribution, surface properties is another important factor that influence the 
thickness of bound water, and then affect the nonlinear percolation law. 
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